The development of high quality affinity reagents to human proteins represents a major challenge in basic and applied biomedicine. Many large-scale biological assays rely on the use of antibodies to interrogate the nature and function of the human proteome.
1 Unfortunately, only a small portion of human proteins have antibodies that are available for use in routine molecular and cellular biology assays. 2 Even less common are antibodies with high affinity and specificity to specific post-translational modifications (PTMs), and caution is often urged when using antibodies to detect modified proteins in biological samples. 2, 3 This shortfall has created a tremendous need for new molecular tools that maintain many of the recognition properties of antibodies but overcome or avoid some of their limitations. 4 Aptamers, pieces of single-stranded DNA or RNA that fold into three-dimensional structures with binding sites that are complementary in shape and charge to target antigens, have received much attention as possible alternatives to traditional antibodies.
5 Because these molecules can be produced in Vitro by test tube evolution methods, their recognition and binding properties can be tailored to specific target antigens. Indeed, aptamers have now been created to bind virtually any target including ions, small molecules, drugs, peptides, proteins, and even whole cells.
6 Despite these advances, very few aptamers have been identified that bind specific protein PTMs. In fact, only one literature-reported aptamer exists that binds a PTM, and this aptamer shows only a 10-fold preference against the unmodified target. 7, 8 In this report, we address the question of whether aptamers can be created that bind subtle PTMs and distinguish their site of occurrence in a protein sequence. We chose histone H4 acetylated at lysine 16 (H4-K16Ac) as our target due to the importance of this modification in regulating gene activation and silencing. 9 Because the K4-H16Ac modification is located on the N-terminal tail, which is a region of the protein that remains unfolded and accessible to chromatin modifying enzymes when assembled into nucleosomes, we used a 15-mer peptide containing residues Gly6 to Lys20 to represent this portion of the protein. 10 The use of synthetic peptides as target molecules helped to simplify the selection, as pure histone H4-K16Ac protein is not readily available.
The initial library contained ∼10 14 distinct single-stranded DNA molecules with 48 random nucleotide positions flanked on both sides with constant primer-binding sites for PCR. The selection strategy ( Figure 1 ) involved a negative selection step to remove molecules that bind to the unmodified histone H4 (H4-K16) tail sequence, followed by a positive selection step to enrich for molecules that bind to the desired H4-K16Ac target. For each round of selection, the single-stranded DNA pool was passed through an affinity matrix displaying the H4 peptide sequence to selectively remove molecules that bind to the nonacetylated H4 tail. Those molecules that remained in the pool were incubated with the H4-K16Ac peptide, and functional aptamers were separated from the DNA pool by injecting the mixture onto a neutral coated capillary. Five injections were made per round of selection, and ∼10 11 unique DNA sequences were sampled in the starting pool.
We chose the capillary electrophoresis (CE) protocol for the positive selection step because this technique enables solution-based separation of bound aptamers from the unbound pool. 11 We felt that this approach would help reduce the occurrence of nonspecific binders, which is sometimes a problem with traditional bead-based selections. CE-based selections have the added benefit of ultrahigh partitioning, which enables the discovery of high affinity aptamers in a minimum number of selection rounds.
11 Electrophoresis was performed using an electric field of 30 kV in a 57 cm long capillary with an inner diameter of 50 µm. Under these conditions, the unbound DNA migrated faster than the DNA-peptide complex, which enabled us to collect the bound DNA in a separate vial by applying pressure to the column after the unbound DNA passed into a waste vial. The DNA from each round of selection was amplified by PCR and made single-stranded by denaturing the DNA product on streptavidin-coated agarose beads. After four rounds of in Vitro selection and amplification, a second peak became visible in the CE chromatogram (Supporting Information, SI), indicating that the pool had become enriched in molecules with high affinity to the H4-K16Ac histone tail.
DNA molecules obtained from round 4 of the selection were cloned and sequenced. Analysis of these sequences (SI) revealed no one dominant sequence or class of related sequences, but rather a large number of unrelated sequences. We and others have reported similar results, 11 which suggests that the high partition coefficient and minimum number of selection rounds associated with CE- † Center for BioOptical Nanotechnology. Selection strategy used to identify H4-K16Ac-specific aptamers. The selection included a negative followed by a positive selection step to ensure high specificity binding.
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SELEX help facilitate the discovery of many high affinity aptamers. To categorize the different aptamers, all of the sequences were organized into different groups (SI) based on the complexity of their predicted secondary structure. mFold was used to identify the lowest energy motif for each aptamer. Group I contained aptamers whose structures were dominated by a single stem-loop. Group II contained aptamers with an internal buldge-loop. Group III consisted of aptamers with multiple stem-loop structures. From this set, we chose clones 4.9, 4.3, and 4.20 to represent aptamers with simple, intermediate, and complex secondary structures (Figure 2) , respectively.
We screened these three aptamers for binding using affinity capillary electrophoresis (ACE) to measure the dissociation constant (K d ) of each aptamer to the H4-K16Ac target. Clone 4.20 had the highest binding affinity with a K d of 47 ( 24 nM, while clones 4.9 and 4.3 bind the target with K d 's of 83 ( 75 and 140 ( 30 nM, respectively (SI). As a validation method, we examined the affinity and specificity of clone 4.20 using a more sensitive Biacore T-100 surface plasmon resonance (SPR) instrument. A biotinylated version of clone 4.20 was immobilized onto a streptavidin-coated biosensor chip, and the binding response to each target was measured at different concentrations. The maximum binding response taken from each sensogram was plotted versus peptide concentration, and the data were fit to a standard hyperbolic curve (SI).
Based on the notion that aptamers with more elaborate secondary structures contain more information content than aptamers with simpler structural motifs, 12 we chose clone 4.20 to examine the specificity for the H4-K16Ac tail sequence. The binding affinity constant of clone 4.20 to H4-K16Ac was compared with the affinity of this aptamer to the unmodified variant H4-K16. Analysis of the affinity plots revealed that clone 4.20 binds the H4-K16Ac target with a K d of 21 nM and discriminates against the unmodified H4-K16 tail by a dramatic 2400-fold (Table 1) , corresponding to a ∆∆G of binding of 4.6 kcal/mol. To examine whether clone 4.20 is specific to the acetyl modification at position 16 in the tail, a second binding assay was performed using a peptide with an acetyl group at lysine position 8 (H4-K8Ac). SPR analysis showed that clone 4.20 is >2400-fold more selective against an acetylated lysine residue at position 8 in the H4 tail sequence, thereby demonstrating that this aptamer is both modification and location specific.
For comparison purposes, the same binding assays were performed using a standard chip quality antibody raised to bind the H4-K16Ac target. This antibody, which is advertised as a highly specific affinity reagent, binds to the desired H4-K16Ac target with a K d of 6 nM but shows only 15-and 16-fold specificity against the H4-K16 and H4-K8Ac off-target sequences (Table 1) . This result highlights a common problem among many commercial antibodies, which is their limited ability to distinguish close PTMs in biological assays. 13 In summary, we describe the creation of a highly specific DNA aptamer to an important histone PTM. The generality of this approach coupled with the low number of selection steps provides a facile method for generating high quality protein affinity reagents. We suggest that molecules with similar properties could be made that bind a wide range of PTMs with high affinity and specificity. 
